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ABSTRACT 
352 73 
It has been found t o  be possible  t o  opera te  the  continuous 
channel e l ec t ron  m u l t i p l i e r ,  a recent ly  developed type of windowless 
e l ec t ron  m u l t i p l i e r ,  i n  a gain sa tura ted  mode such t h a t  s i n g l e ,  charged 
p a r t i c l e s  en ter ing  t h e  input  mouth of t h e  channel w i l l  i n i t i a t e  output  
pulses  whose amplitude and shape are  both uniform and independent of 
t h e  charac te r  of t he  exc i t a t ion  rad ia t ion .  
channel t h i s  s a tu ra t ed  pulse  can be made s t a b l e  aga ins t  changes An 
By s u i t a b l e  design of t h e  
such opera t ing  condi t ions as ambient pressure  and appl ied vol tage.  
When operated i n  t h i s  mode the  e f f ic iency  of t h e  channel f o r  t h e  
de t ec t ion  of e lec t rons  over the energy range 250 eV t o  10 keV is 
estimated t o  be g rea t e r  than 509.. 
I . 
Introduct ion 
b . The important cont r ibu t ion  of l o w  energy charged p a r t i c l e s  t o  outer. 
e r ad ia t ion  b e l t  and aurora l  phenomena has become apparent i n  the  course . 
of t h e i r  i nves t iga t ion .  I n  the  case of v i sua l  aurora  i n  the  aurora l  zone, 
i t  has been found t h a t  t he  major portion of t h e  t o t a l  energy input is 
supplied by charged p a r t i c l e s  having energies  below 40 keV. 
example (McIlwain, 1960)1, a v i r t u a l l y  monoenergetic beam of 6 keV 
e l ec t rons  was observed i n  assoc ia t ion  with a v i s u a l  aurora l  display.  
In  one 
Comparison of da ta  obtained from d i f f e r e n t  d e t e c t o r s  on Injun I i n  
t h e  o u t e r  b e l t  has shown t h a t  the  energy f l u x  of e l ec t rons  having energies  
between 1 keV and 40 keV was o f t en  tenfold g r e a t e r  than t h a t  of e l ec t rons  
having energies  above 40 keV. (O'Brien, e t  al . ,  1962)a Very l i t t l e ,  however, 
could be determined about t h e  p a r t i c l e  i n t e n s i t y  o r  energy spectrum of t h i s  
low energy component. 
The e f f i c i e n t  de t ec t ion  and energy ana lys i s  of these  low energy p a r t i c l e s  
has ,  i n  p r a c t i c e ,  posed a number of problems. 
t h a t  t he  amount of mater ia l  surrounding the  a c t i v e  volume of the  d e t e c t o r  be 
minimized o r ,  i d e a l l y ,  eliminated a l toge ther .  As an i l l u s t r a t i o n ,  the  Anton 
type 213 Geiger-Mcller counter ,  having an entrance window of 1.2 mg/cm 
th ickness ,  r equ i r e s  a minimum energy of 40 keV f o r  e l ec t rons  and 500 keV f o r  
It is c r i t i c a l l y  important 
2 
e 
e protons t o  t r i g g e r  a count. 
S c i n t i l l a t i o n  counters ,  having only a very t h i n  coa t ing  of material 
over t he  s c i n t i l l a t o r  t o  reduce l i g h t  s e n s i t i v i t y ,  have been used t o  d e t e c t  
e l e c t r o n r  with energ ies  8s low as 3 keV. 
however, t h e  l i g h t  output  from such a small energy loss i n  a s c i n t i l l a t o r  
In  t h e  absence of r e f r i g e r a t i o n ,  
I 
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i s  too  low t o  be resolved a s  a pulse above the thermal noise  of a photo- 
m u l t i p l i e r  tube. Moreover, photomultiplier tube anode pulses ,  a r i s i n g  from 
t h e  l i b e r a t i o n  of only one o r  a few electrons from a photocathode, have a 
very broad pulse  height  d i s t r i b u t i o n  and s o  a r e  unsui table  f o r  counting 
techniques. Under these circumstances, t he  anode output cu r ren t ,  r a t h e r  than 
individual pulses ,  i s  of ten monitored a s  a measure of the t o t a l  energy f l u x  
incident  upon the  s c i n t i l l a t o r .  This method, however, i s  t o o  i n s e n s i t i v e  
t o  de t ec t  weak p a r t i c l e  f luxes and gives  no d i r e c t  information about t he  
energy d i s t r i b u t i o n  of the incident  p a r t i c l e s .  
-Bare e l ec t ron  mul t ip l i e r s  with a dynode s t r u c t u r e  s imi l a r  t o  a photo- 
m u l t i p l i e r  tube have been used t o  d e t e c t  d i r e c t l y  charged p a r t i c l e s  allowed 
t o  s t r i k e  t h e  cathode. 
t he  cathode permits the use of a cathode material  of r e l a t i v e l y  high work 
function, thereby reducing thermal noise.  The de tec to r  response extends t o  
extremely low energy p a r t i c l e s  because of t he  complete e l iminat ion of an 
entrance window. 
may provide a measure of t he  inc iden t  p a r t i c l e  f lux .  
counter,  however, t he  output pulse  height d i s t r i b u t i o n  i s  very broad. 
t yp ica l  case the  pulses observed a t  t he  mul t ip l i e r  anode, due t o  a beam of 
monoenergetic e lectrons s t r i k i n g  t h e  cathode, ranged over a f a c t o r  of 100 i n  
amplitude (D. Mathews, p r iva t e  communication). 
The absence of a photon-electron conversion process a t  
E i the r  the  anode current  o r  anode pulses  from such a de t ec to r  
A s  with the s c i n t i l l a t i o n  
In a 
A recent  development along t h e  l i n e s  of a windowless e l ec t ron  m u l t i p l i e r  
i s  the  Bendix continuous channel e l ec t ron  m u l t i p l i e r  described by Wiley and 
Hendee (196213. 
make i t  i d e a l  f o r  use i n  sounding rocket and s a t e l l i t e  research. 
a n  i n v e s t i g a t i o n  has begun a t  Goddard Space F l igh t  Center t o  determine i t s  
The s impl ic i ty ,  small s i ze ,  and ruggedness of t h i s  device 
Consequently, 
F 
c h a r a c t e r i s t i c s  as a d e t e c t o r  f o r  low energy charged p a r t i c l e  r ad ia t ion .  
Description of t he  Channel Mul t ip l i e r  
I n  i t s  s implest  form, the  channel m u l t i p l i e r  i s  a s t r a i g h t  g l a s s  
c a p i l l a r y  tube having dimensions such t h a t  the  length-to-inside-diameter 
r a t i o  i s  between 50 and 100. The ins ide  diameter i t s e l f  may be from less 
than a t en th  of a m i l l i m e t e r  t o  more than a mil l imeter .  A l a y e r  of special 
semiconducting ma te r i a l ,  having secondary e l ec t ron  emission c h a r a c t e r i s t i c s  
s u i t a b l e  f o r  an e l ec t ron  mul t ip l ica t ion  process ,  i s  deposited over t he  
i n t e r i o r  sur face  of the  tube. 
When a p o t e n t i a l  d i f f e rence  i s  applied between the  ends of the  tube,  
an a x i a l  electric f i e l d  i s  es tab l i shed  down i t s  length.  
from the  i n s i d e  sur face ,  f o r  example by means of pho toe lec t r i c  or secondary 
emission processes ,  w i l l  thus  be acce lera ted  down the  tube. 
t he  e l ec t ron  w i l l  d r i f t  across  t h e  tube with whatever l a t e r a l  ve loc i ty  w a s  
acquired i n  the  e j e c t i o n  process.  The e l e c t r o n  mul t ip l i ca t ion  occurs when 
t h e  p o t e n t i a l  d i f f e rence  and tube dimensions a r e  such t h a t  these  f r e e  e l e c t r o n s  
ga in  enough energy from the  e l e c t r i c  f i e l d  between encounters with the  su r face  
Any e l ec t ron  e j ec t ed  
Simultaneously,+ 
t h a t ,  on the  average, more than one secondary e l ec t ron  i s  generated a t  each 
encounter. 
I n  t h i s  manner (Figure 1) a s ing le  e l ec t ron  e jec ted  a t  the  low p o t e n t i a l  
or i n p u t  end of t h e  tube can r e s u l t  i n  an e l ec t ron  cascade of some magnitude 
a t  t h e  high p o t e n t i a l  o r  output end of t h e  channel. 
channel m u l t i p l i e r  gain curve obtained by Wiley and Hendee is shown i n  
Figure 2. 
A typ ica l  experimental 
The exact  na ture  of t he  semiconducting sur face  has no t  been published, 
a l though it  has been shown by Angel, e t  a l e ,  (1961)4 t h a t  t h e  r e l a t i v e  s p e c t r a l  
b * - 4 -  
response of t he  ma te r i a l  t o  t he  photoe lec t r ic  e f f e c t  i s  € m i  1 r t  t h  t 
tungsten,  implying a work funct ion of about 4 eV. 
v i r t u a l l y  no response t o  l i g h t  of wavelengths longer than 1500A and 
e s s e n t i a l l y  no background noise  due t o  thermionic emission of e lec t rons .  
The sur face  is ,  moreover, q u i t e  s t a b l e  with respec t  t o  
secondary emission r a t i o  a f t e r  extended and repeated exposure t o  the  
atmosphere. 
Thus t h e  channel has  
changes i n  t h e  
Hence, no spec ia l  handling i s  necessary.  
f '  
In  Wiley and Hendee's inves t iga t ions  be ta  r ad ia t ion ,  extreme u l t r a v i o l e t  , 
l i g h t ,  and low energy photoelectrons from an i l luminated photocathode were 
among t h e  sources used t o  exc i t e  the  channel. In  a l l  cases ,  t he  output cu r ren t  
c o l l e c t e d  by a separa te  biased anode a t  t h e  output end was compared t o  the  
input  exc i t a t ion  cu r ren t  t o  obta in  the  e l e c t r o n  ga in  da ta .  In  genera l ,  t he  
channel was operated i n  these  inves t iga t ions  a t  a ga in  which d id  no t  permit 
observat ion of t he  ind iv idua l  anode pulses a r i s i n g  from s ing le  events  a t  t h e  
f r o n t  end of the  channel;  hence, no work was done on t h i s  aspec t  of the  
channel m u l t i p l i e r .  
The work reported here ,  on the  other  hand, concentrated upon t h e  
c h a r a c t e r i s t i c s  of t h e  pulses  appearing a t  t he  output end of t he  channel. 
Descr ipt ion of t h e  Present  Work 
For  t h e  i n i t i a l ,  exploratory phase of t h e  inves t iga t ion ,  a number of 
s t r a i g h t  channel e l ec t ron  mul t ip l i e r s  were obtained. 
had a length-to-bore r a t i o  of 50 and an i n s i d e  diameter of 1 mm. 
porrirsn, however, two channelr with i n s ide  diameters of 1 mm and length- to-  
Most of these  channels 
For corn- 
-5-  
0 
diameter r a t i o s  of 100, and two channels having i n s i d e  diameters of approximately 
.5 mm and length-to-diameter r a t i o s  of 50 were a l s o  obtained. 
r e s i s t a n c e  of t h e  semiconducting layer was genera l ly  i n  the  range lo9 t o  1010 
Ohms. 
i n  the  channel and any e f f e c t s  associated with i t s  RC re laxa t ion  t i m e .  
The measured ohmic 
This r e s i s t a n c e  is the  determining f a c t o r  f o r  both the  power d i s s ipa t ed  
The experimental scheme most o f t en  employed t o  inves t iga t e  t h e  channel ' s  
pu lse  output is i l l u s t r a t e d  i n  Figure 3. 
e s s e n t i a l l y  covered by a f o i l  t o  c o l l e c t  t he  t o t a l  charge of t he  e l e c t r o n  
cascade. 
c i r c u i t  was displayed on both an osci l loscope and the  output of a pulse  he ight  
analyzer .  With a knowledge of the  co l l ec t ion  c i r c u i t  shunt capac i ty  an  e l ec t ron  
ga in  could be determined from the  vol tage pulse  amplitude on t h e  assumption t h a t  
t h e  cascade was i n i t i a t e d  by a s i n g l e  secondary e lec t ron .  
The output end of the  channel was 
The vol tage pulse  developed across  the  shunt capaci ty  of t h e  c o l l e c t i o n  
Normally t h e  c o l l e c t i o n  end of the tube was operated a t  a p o t e n t i a l  between 
1000 V and 4000 V with respect  t o  both t h e  inpu t  end and t h e  surrounding s t a i n -  
less steel vacuum system. 
being a t t r a c t e d  i n t o  t h e  mouth of t h e  channel and causing anomalous counts. 
expose any pressure  s e n s i t i v i t y  i n  the mul t ip l i ca t ion  process,  the  channel 
m u l t i p l i e r  was operated a t  ambient pressures  ranging from 10- t o  
The exc i t a t ion  r ad ia t ion  was provided by CoS0, FeS6, o r  S36 rad ioac t ive  
sources, or  by the  low energy charged p a r t i c l e s  produced by a Bayard - Alper t  
p ressure  gauge placed near  the  channel. 
This procedure lessened the  chance of s t r a y  p o s i t i v e  i o n s  
To 
mm Ng. 
The f i r s t  examination of t h e  channel 's  output  pulses  was made a t  an  appl ied  
p o t e n t i a l  of 1400 V and a pressure of less than 106 nun Hg. 
d i t i o n s  the  channel aa in  was about 10' and a aharge sensit ive ampl i f ie r  proved 
necessary  i n  order  t o  observe the  output pu lses  a t  a l l .  The pulse  height dis- 
Under these  con- 
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t r i b u t i o n  of t h e  output pulses  was found t o  be very broad, t h e  d i f f e r e n t i a l  
pulse  height d i s t r i b u t i o n  displaying a tendency t o  continue r i s i n g  with 
decreasing pulse  height.  
t h i s  case with a gain s i m i l a r  t o  t h e  gains employed i n  t h e  cu r ren t  output 
measurements of Wiley and Hendee. 
. 
It may be noted t h a t  t h e  channel w a s  operated i n  . 
Further  i nves t iga t ion  showed, however, t h a t  when t h e  channel ' s  e l e c t r o n  
gain was increased t o  more than about l o 7 ,  t h e  pulse  height  d i s t r i b u t i o n  of 
t h e  output pulses  became peaked; i.e.,  a l l  of t h e  output pulses  had nea r ly  
t h e  same amplitude which was independent of t h e  cha rac t e r  of t he  e x c i t i n g  
radiat ion.  
appearance of t h i s  uniform output pulse is a t t r i b u t e d  t o  a s a t u r a t i o n  i n  
t h e  e l ec t ron  mul t ip l ica t ion  process b a s i c a l l y  caused by t h e  magnitude of t h e  
Figure 4 shows an oscil loscope photograph of t h i s  e f f e c t .  The 
e l  cctron cascade. 
The high gain necessary f o r  t h e  appearance of t h e  s a t u r a t i o n  e f f e c t  w a s  
achieved through two sepa ra t e  but  interdependent processes. 
simply an increase i n  t h e  p o t e n t i a l  d i f f e rence  applied across  the  tube. 
Up t o  a po in t ,  t h i s  procedure w i l l  increase the gain by increasing t h e  average 
energy acquired by t h e  individual  e l ec t rons  between c o l l i s i o n s ,  and so 
The f i r s t  w a s  
increasing the  secondary e l e c t r o n  emission r a t i o .  
The second mechanism depends on p o s i t i v e  ion production by i n t e r a c t i o n  
between cascade e l ec t rons  and res idua l  gas molecules. 
accelerated by the  e lec t r ic  f i e l d  toward t h e  input  end of t he  tube where they 
may i n t e r a c t  with t h e  w a l l  t o  i n i t i a t e  a new cascade. This second, regenerat ive 
These f r e e  ions  are 
feedback e f f e c t  dominates the  behavior of t h e  s t r a i g h t  channel m u l t i p l i e r  i n  t h e  
high electron-gain mode of operation. 
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The c l e a r e s t  evidence of t he  r o l e  of ion feedback i n  c o n t r o l l i n g  
t h e  mul t ip l i ca t ion  process  was the  existence of a s t rong pressure  dependence 
i n  both the  amplitude and the  charac te r  of t h e  output pulse.  
t he  p o t e n t i a l  d i f f e rence  was adjusted t o  y i e ld  a s a t i s f a c t o r y  cutput  pu l se  a t  
I f ,  f o r  example, 
10-4 mm Hg, a decrease i n  pressure  t o  10-6 nun Hg would cause the  output pu l se  
he igh t  d i s t r i b u t i o n  t o  r e v e r t  t o  t h e  low amplitude, broad, "washed out" type 
of d i s t r i b u t i o n  previously associated with e l ec t ron  gains  on the  order  of 
lo6. When t h e  procedure was reversed and t h e  appl ied po ten t i a l  s e t  a t  a 
value s u f f i c i e n t  t o  g ive  a sa tu ra t ed  output a t  mm Hg, an increase  i n  
pressure  t o  mm Hg produced d i s t o r t i o n s  i n  t h e  output pulse  shape, and 
i n s t a b i l i t i e s  i n  the  form of spurious counts and o f t en  continuous, uncont ro l l -  
a b l e  puls ing.  
The cont r ibu t ion  of ion  feedback was a l s o  evidenced i n  the  tube ' s  response 
t o  pene t ra t ing  r ad ia t ion .  
output pu lses  exhib i ted  the  same peaked amplitude d i s t r i b u t i o n  a s  was found 
Under exposure t o  gamma rays from C O ~ O ,  the  channel 
when the  e x c i t a t i o n  w a s  by low energy charged p a r t i c l e s  unable t o  i n i t i a t e  
cascades except a t  t he  very mouth of the tube. 
would have r e su l t ed  from gamma ray in t e rac t ions  l i b e r a t i n g  e l ec t rons  well  
away from the  input  end of t he  tube were no t  seen because of the  e f f i c i e n t  
ion feedback mechanism. 
The unsaturated pulses  t h a t  
Perhaps, however, t he  most s i g n i f i c a n t  mani fes ta t ion  of t he  ion  feedback 
mechanism was revealed i n  i t s  e f f e c t  on t h e  leading edge of the  output  pulse .  
The rise time of t h e  output pu lse  was observed t o  be t y p i c a l l y  0.5 microsecond, 
which compares poorly with the  few tens of nanose'conds esttmated from the  t rans i t  time 
. -8 - 
down the  tube of ind iv idua l  cascade electrons.  Close examination of t he  
lead ing  edge of the  pulse  revealed a l ls ta i rcasel l  appearance. 
suggested t h a t  the  observed output pulse  was t h e  sum of numerous, successive 
e l e c t r o n  cascades, each i n i t i a t e d  by pos i t ive  ions  acce lera ted  down the  tube 
and s t r i k i n g  the  inne r  sur face  near the  input end. 
" s t a i r case"  e f f e c t  was observed a t  ambient pressures  less than mm Hg 
i n d i c a t e s  both the  l a r g e  number of e lec t rons  involved and the  consequences' 
of permi t t ing  r e l a t i v e l y  few ions  t o  d r i f t  unobstructed t o  t h e  input  end of 
t he  tube t o  r e s t a r t  a cascade. 
edge i s  f e l t  t o  be the  most s e n s i t i v e  guide a s  
i on  feedback i n  t h e  m u l t i p l i c a t i o n  process. 
This s t rongly  
The f a c t  t h a t  t h i s  
Indeed, the appearance of t he  p u l s e ' s  leading 
t o  the  presence and ex ten t  of 
Discussion of t h e  Sa tu ra t ion  Ef fec t  
. 
The t e n t a t i v e  explanat ion of the  gain s a t u r a t i o n  i n  the  channel m u l t i p l i e r ,  
which accounts f o r  t he  appearance of output pu lses  of uniform amplitude, i s  
based upon the  a l t e r a t i o n  of t h e  poten t ia l  g rad ien t  within t h e  tube by su r face  charges 
deposi ted on the  i n t e r i o r  w a l l s  of the  tube during the  mul t ip l i ca t ion  process.  
The s o l i d  l i n e  i n  Figure 5 d i sp lays  the  vol tage  a s  a funct ion of pos i t i on  wi th in  
t h e  tube i n  t h e  absence of a pulse ,  t h e  semiconducting sur face  being assumed t o  
be uniform down t h e  tube. 
p o s i t i v e  charge accumulates upon the  walls of t h e  tube because of a ne t  loss 
of e l e c t r o n s  from t h e  surface.  The po ten t i a l  VS. pos i t i on  curve may then be 
During the  e lec t ron  mul t ip l i ca t ion  process ,  a 
a l t e r e d  t o  t h e  one depicted q u a l i t a t i v e l y  by t h e  dashed l i n e  i n  Figure 5 .  
One will note  t h a t  i n  t h e  region BC (near the  output end) the  p o t e n t i a l  
g rad ien t  has  f l a t t e n e d ,  and the  cascade e l ec t rons  can no longer acqui re  the  
energy necessary t o  support  t h e  mul t ip l i ca t ion  process.  
I 
On t he  cont ra ry ,  
. 
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t h i s  port ion of t h e  tube w i l l  tend t o  become an e l e c t r o n  s ink ,  thereby 
l i m i t i n g  the  gain.  
. 
. Although no q u a n t i t a t i v e  work has been done using t h i s  s a tu ra t ion  model, 
observat ions on t h e  na tu re  of t h e  mul t ip l i ca t ion  process  a s  a funct ion of 
pos i t i on  i n  t h e  tube provide a s t rong  bas i s  f o r  be l iev ing  t h a t  t he  ga in  
l i m i t i n g  is indeed due t o  such a mechanism. I n  order  t o  inves t iga t e  t h i s ,  
a p o s i t i v e l y  biased anode p l a t e  was placed a t  the  output  end of the  tube t o  
c o l l e c t  the cascade space charge and so i n su re  t h a t  a l t e r a t i o n s  of p o t e n t i a l  
i n  t h e  tube i t s e l f  were due t o  only surface charges.  
wi th in  t h e  tube were observed by u t i l i z i n g  t h e  capac i t i ve  coupling of a wire  
looped t i g h t l y  around the  ou t s ide  of the  tube. 
The po ten t i a l  changes 
It was found t h a t  when t h e  pickup loop was  posi t ioned toward t h e  inpu t  
end of t he  channel a p o s i t i v e  pulse  was observed, i nd ica t ing  t h a t  e l ec t ron  
mul t ip l i ca t ion  was occurring. As the  loop w a s  moved toward t h e  output end, 
a region w a s  reached where the  pulse  was charac te r ized  by an i n i t i a l  p o s i t i v e  
phase followed by a negat ive phase. 
output ,  t he  pulse  w a s  
e l e c t r o n s  and a lack  of mul t ip l ica t ion .  
i n  the  non-saturat ing mode, a pos i t i ve  pulse  was observed a t  a l l  p o i n t s  
down the  length of t h e  channel,  t h e  e n t i r e  tube apparent ly  being u t i l i z e d  
A t  a pos i t i on  s t i l l  f u r t h e r  toward t h e  
e n t i r e l y  negat ive,  i nd ica t ing  a n e t  accumulation of 
Whenever the channel was operated 
e 
e f o r  e l e c t r o n  mul t ip l i ca t ion .  
The mode1 p r e d i c t s  t h e  exis tence of a per iod,  while the  su r face  charge 
is being r e d i s t r i b u t e d ,  during which reduced amplitude or  no pulses  w i l l  be 
obeowed. 
high count r a t e s .  
Buch e dead time, l l i c t i w  about 100 microoeconds, was oboerved a t  
This dead t i m e  i s ,  i n  p r i n c i p l e ,  connected with the  RC 
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r e l axa t ion  time of t h e  channel,  and hence may be reduced by decreasing t h e  ohmic 
r e s i s t a n c e  of t he  semiconductor s t r i p .  Such a procedure would be l imi ted  by the  
maximum allowable power d i s s i p a t i o n  of the  device,  
0 
. 
Discussion of t he  I n s t a b i l i t y  
The inves t iga t ions  of t h e  channel m u l t i p l i e r  was pr imar i ly  d i r ec t ed  towarda 
its use  as a r ad ia t ion  d e t e c t o r  i n  s a t e l l i t e  and sounding rocket experiments. 
The pressure  environment is uncontrol lable  i n  both systems; i n  t h e  case  of the  
sounding rocket changes i n  pressure  over many orders  of magnitude must be 
to l e ra t ed .  Consequently, much of the inves t iga t ion  concerned i t s e l f  with 
e l imina t ing  t h e  dependence of t h e  e lec t ron  ga in  upon pressure  and understanding 
the  na tu re  of t h e  i n s t a b i l i t y  mentioned e a r l i e r ,  
If the  channel m u l t i p l i e r  ga in  was ad jus ted  t o  y i e l d  a sa tu ra t ed ,  s t a b l e  
output  pu l se  a t  10- mm Hg and the  pressure was then allowed t o  increase  slowly 
a s  w a s  descr ibed earlier,  t he  i n s t a b i l i t y  f i r s t  appeared as secondary a f t e r -  
pu lses  occurr ing 30-100 microseconds a f t e r  t h e  i n i t i a l  primary pulse  (induced 
by a r ad ioac t ive  source,  f o r  example). 
continuous puls ing,  even i n  t h e  absence of e x c i t a t i o n  rad ia t ion .  
from a f t e r -pu l s ing  t o  continuous pulsing was  a smooth and r e v e r s i b l e  one, and 
both are bel ieved t o  be aspec ts  of t h e  same fundamental i n s t a b i l i t y .  
Fu r the r  pressure  increases  caused 
The t r a n s i t i o n  
The r e l a t i v e l y  long t i m e  delay before t h e  appearance of an a f t e r -  
pu lse  suggested a t  f i r s t  t h a t ,  if charged p a r t i c l e s  were d i r e c t l y  responsible ,  
t h e  process  g iv ing  rise t o  t h e  i n s t a b i l i t y  w a s  taking p lace  over a volume much 
l a r g e r  than t h e  i n t e r i o r  volume of the  channel i tself .  However, experiments 
performed with the  open ends of t h e  tube e f f ec t ive ly  blocked by alumin-, 
. 
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s t a i n l e s s  s t e e l ,  o r  copper f o i l s  demonstrated t h a t  the  uns tab le  a f t e r -pu l s ing  
a rose  from within the  c a p i l l a r y  i t s e l f .  
Prospect ive models t o  expla in  t h e  i n s t a b i l i t y  divided themselves i n t o  two 
crude ca tagor ies .  Models i n  the  f i r s t  c l a s s  were b a s i c a l l y  dependent upon the  
magnitude of t h e  e l ec t ron  cascade. Among these  was, f o r  example, the  thin-f i lm 
f ie ldemission of e l ec t rons  f ron  the  semiconducting l a y e r  which had acquired 
a l a r g e  su r face  charge dens i ty  a s  a d i r e c t  r e s u l t  of t h e  e l ec t ron  mul t ip l i ca t ion  
process.  
long a f t e r  t he  terminat ion of the  primary pulse  and thus  cause a f te r -puls ing .  
The e f f e c t  of any ambient pressure  v a r i a t i o n  would simply be t o  change t h e  
magnitude of t he  e l ec t ron  gain and hence t h e  sur face  charge d e n s i t i e s  involved. 
The p o s s i b i l i t y  e x i s t s  t h a t  f i e l d  emission of e l ec t rons  could p e r s i s t  
The second set of explanations is  fundamentally connected with the  ex is tence  
Referring t o  Figure 5 ,  one observes of s i g n i f i c a n t  ion  feedback i n  the  channel. 
t h a t ,  al though t h e  p o t e n t i a l  a l t e r a t i o n  i n  the  
an e l e c t r o n  cascade developed i n  the  region AB from a r r i v i n g  a t  t h e  output ,  
e l ec t ron  mul t ip l i ca t ion  is s t i l l  possible  i n  t h e  f r o n t  port ion.  
t h i s  region of t he  tube,  t h e  regenerat ive i o n  feedback-electron m u l t i p l i c a t i o n  
process could c o n s t i t u t e  a means of self-perpetuat ing t h e  presence of f r e e  
charged p a r t i c l e s  u n t i l  t h e  back portion had recovered t o  the  po in t  of again 
allowing cascades t o  pass  t o  t h e  output. 
region BC e f f e c t i v e l y  prevents  
- 
Hence, i n  
A t h i r d  lfcombinationfl model, based on t h e  production of n e u t r a l  metastable  
molecules by t h e  e l ec t ron  cascade, depends upon both the  presence of res idua l  
gas  i n  t h e  tube and the  c r e a t i o n  of a l a r g e  e l ec t ron  cascade. 
t o  accentua te  such a process through the i n t roduc t ion  of helium r a t h e r  than a i r  
However, a t tempts  
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as the  r e s idua l  gas proved f r u i t l e s s .  
The s t rong  interdependence between the magnitude of t h e  e l e c t r o n  cascade 
and ex ten t  of i on  feedback i n  t h e  s t r a i g h t  channels d id  no t  a l low a clear 
demonstration a s  t o  which of the  a l t e r n a t i v e  explanat ions of i n s t a b i l i t i e s  
was va l id .  
The dominating inf luence of regenerat ive ion  feedback i n  the  s t r a i g h t  
channel i s  due e s s e n t i a l l y  t o  t h e  f a c t  that  ions ,  which are mostly produced a t  
the  back end of t h e  tube where the  e lec t ron  cascade i s  l a r g e s t ,  a r e  permit ted 
t o  move t o  t h e  input  end where the  subsequent l i b e r a t i o n  of e l ec t rons  has t h e  
most e f f e c t .  Clear ly  a channel e l ec t ron  m u l t i p l i e r  i n  t he  form of a curved 
c a p i l l a r y  tube would conta in  these  ions  i n  t h e  back end where t h e i r  e f f e c t  on 
the  ove ra l l  e l ec t ron  gain would be negl ig ib le .  
have the  add i t iona l  bene f i t  of minimizing t h e  regenerat ive ion-feedback-electron- 
Such a channel m u l t i p l i e r  would, 
mu l t ip l i ca t ion  process and thus g i v e  an ind ica t ion  of t h e  bas i c  cause of t h e  
i n s t a b i l i t y ,  
Design of t h e  Curved Channel 
I n  order  t o  design a curved channel m u l t i p l i e r  a crude c a l c u l a t i o n  of t he  
loop gain  of t h e  ion feedback-electron mul t ip l ica t ion  mechanism w a s  performed. . 
The rad ius  of curvature  of t h e  c a p i l l a r y  tube was then chosen t o  reduce the  
loop gain  enough t o  insure  quenching of f r e e  charged p a r t i c l e s  w e l l  wi th in  
t h e  observed dead time. 
Figure 6 shows a sec t ion  of channel m u l t i p l i e r  with a r ad ius  of curva ture  
R,. The pa th  taken by an ion  produced a t  t h e  point  A and moving under t h e  i n -  
f luence of the a x i a l  electric field until s t r i k i n g  t h e  wall a t  B is shown 
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schematically. The equations of motion governing t h e  ion are: 
m & - m r  = 0 
d t2  
m r  d2e + 2m drde = e E  
dta- dtdt 
By neglect ing the  Cor io l i s  force  term d r d t  and approximating r by R, i n  Ed. 1, 
one may i n t e g r a t e  t h e  equations t o  obtain 
- -  
d t d t  
f o r  t he  maximum poss ib le  d i s t ance  through which an ion  produced a t  A w i l l  pass  
before s t r i k i n g  t h e  w a l l  a t  B. 
Because the  e l ec t ron  mul t ip l i ca t ion  may be considered uniform along t h e  
length of t h e  tube,  i t  follows t h a t  t h e  e lec t ron  gain over a length x of t h e  
tube i s  r e l a t e d  t o  t h e  e l ec t ron  gain over t h e  f u l l  tube length L by t h e  
expression 
G(L) being approximately 108 f o r  a sa tura ted  pulse. 
Given a number of e l ec t rons  N passing a po in t  P i n  t he  tube, t he  number . 
of ions c rea ted  as a funct ion of t he  dis tance x f u r t h e r  down t h e  tube is  given 
where cy is  t h e  f i r s t  Townsend coef f ic ien t .  
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We take  t h e  worst case and assume that a l l  these  ions  move the  maximum , 
permissible  d is tance  before  s t r i k i n g  the  i n t e r i o r  w a l l  of t h e  tube and, 
with a p robab i l i t y  of 1.0, eject a secondary e lec t ron .  
i t s e l f  mul t ip l ied  up t o g i v e  a ne t  gain a t  t he  oc fn t  P of 
This e lec t ron  is 
dx 
dN‘ (Y No~(L)x’LG(L) ( J L ) / L  
f 
which, when in tegra ted  t o  obta in  the ’con t r ibu t ion  of a l l  t he  ions of i n t e r e s t ,  
g ives  
as t h e  t o t a l  number of e lec t rons  a r i s ing  through t h e  feedback mechanism. 
Recal l ing t h a t  ,(= OR2 and using t h e  maximum (Y a t  a design pressure  
of 10’9 mm Hg, one obta ins  f o r  t h e  loop ga in  
The time necessary f o r  each o s c i l l a t i o n  of the  ion-electron process 
Hence, assuming t h e  peak i s  no more than a f e w  t en ths  of a microsecond. 
number of e lec t rons  t o  be 108, a loop gain of .01 w i l l  i n su re  t h a t  s t r a y  
charged p a r t i c l e s  are completely eliminated within a few microseconds. 
Further ,  a loop gain of .01 would ind ica t e  t h a t  t h e  cont r ibu t ion  of i on  . 
feedback t o  the  overa l l  e l ec t ron  ga in  of t he  tube i s  no more than 1% a t  
a pressure of nun Hg. Hence, Eq. 8 becomes 
By s e t t i n g  the  i n s i d e  diameter d equal t o  1 mm and the  length L equal t o  
100 nrm, t h e  equation may be solved numerically t o  obtain 
, 
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R, 22 2.4 cm. 
A channel m u l t i p l i e r  designed t o  such s p e c i f i c a t i o n s  would be i n  the  
form of a c i r c u l a r  arc extending over about 2/3 of a c i r c l e  having a rad ius  
of 2.4 cm. 
I n  add i t ion  t o  the  approximations made s p e c i f i c a l l y  i n  t h e  cal-  
c u l a t i o n ,  t h e  e f f e c t  of gas adsorbed upon the  inne r  wal l s  has been neglected.  
The ion iza t ion  of t h i s  adsorbed gas i s  probably most important a t  r e l a t i v e l y  
low pressures  and accounts f o r  ion feedback observed below 
e f f e c t  upon t h e  ga in  funct ion G(x) of a l t e r i n g  t h e  p o t e n t i a l  g rad ien t  i n s i d e  
t h e  tube during a cascade has a l s o  been neglected.  
t h e  loop ga in  i s  conservat ive t o  t h e  point t h a t  i f  changes in G(x) occur, t h e  
e l ec t ron  cascade w i l l  i n  a l l  probabi l i ty  s t i l l  be quenched. 
mm Hg. The 
However, t h e  choice of 
C h a r a c t e r i s t i c s  of t he  Curved Channel Mul t ip l i e r  
The curved channel m u l t i p l i e r  obtained from t h e  Bendix Corporation, shown 
i n  Figure 7 ,  had an in s ide  diameter of 1 mm and a length-to-diamet- 
100. 
having a rad ius  of curvature  of 2.0 cm. 
i d e n t i c a l  t o  t h a t  used with t h e  s t r a i g h t  channel m u l t i p l i e r s .  
r a t i o  of 
The c a p i l l a r y  tube had t h e  form of an a r c  extending over 3/4 of a circle 
The experimental arrangement was  
It was quickly es tab l i shed  i n  the  i n i t i a l  t r i a l  of t he  channel t h a t  
t he  sa tu ra t ed  pulse  mode of operat ion was induced a t  an  e l ec t ron  ga in  of 
about 5 x lo7, roughly t h e  same ga in  as  w a s  found necessary i n  t h e  s t r a i g h t  
channel. I n  order  t o  achieve t h i s  gain, an appl ied  p o t e n t i a l  of 3000 V w a s  
required.  
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To determine whether ion feedback was i n t e r f e r i n g  with t h e  e l ec t ron  
ga in  mechanism, a ca re fu l  examination was made of t h e  lead ing  edge and rise 
time of t h e  output pulse.  
t h e  r i s e  time of t he  output pu lse  w a s  less than 20 nanoseconds; moreover, 
t he  lead ing  edge gave no evidence of d i s t o r t i o n  by ion  feedback e f f e c t s .  
Subsequent observat ions showed no va r i a t ion  i n  t h e  e l ec t ron  ga in  of t he  
channel m u l t i p l i e r  during a change of more than two orders  of magnitude 
i n  pressure ,  thus  subs t an t i a t ing  t h a t  there  w a s  no e f f e c t i v e  cont r ibu t ion  from 
regenera t ive  ion  feedback t o  the  e lec t ron  mul t ip l i ca t ion  process.  
It was found t h a t  a t  a l l  pressures  below 10°3m Hg 
Determined e f f o r t s  were made t o  exc i t e  t he  i n s t a b i l i t y  by increas ing  
both the  ambient pressure  and the  applied p o t e n t i a l  t o  t he  po in t  where 
a rc ing  became a danger. 
form of spurious o r  continuous puls ing o r  i n  the  form of a f te r -puls ing .  
The s o l e  observable e f f e c t  was  a d i s t o r t i o n  i n  the  shape of the  output pu lse  
evident  a t  pressures  above a fewmicrons. This pressure ,  however, i s  well 
above t h e  maximum pressure  expected during the  operat ion of the channel i n  
sounding rocket o r  sa te l l i t e  experiments. 
However, no i n s t a b i l i t y  w a s  noted, e i t h e r  i n  the  
It i s  c l e a r  t h a t  e i t h e r  t h e  i o n  feedback-electron mul t ip l i ca t ion  process 
descr ibed e a r l i e r  o r  another  mechanism dependent upon ion  feedback e f f e c t s  
was  t h e  bas ic  cause of t he  i n s t a b i l i t i e s  observed during inves t iga t ions  
using t h e  s t r a i g h t  channel . 
i 
. I  
Figure 8 d i sp lays  the  output pulses from the  curved channel i n  a case 
where the  e x c i t a t i o n  w a s  by 200 eV ions produced by a Bayard-Alpert type 
gauge. 
shows an apparent loss of r e so lu t ion  o r  lfsharpnessll i n  the  pulses  from the  
curved channel. 
A comparison with t h e  output pu lses  from a s t r a i g h t  channel (Fig. 3 )  
The peaked pulse '  height d i s t r i b u t i o n  remains, however, 
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e n t i r e l y  compatible with s t ra ightforward pulse-counting techniques.  It 
should be pointed out  t h a t  the  r ise time of t h e  pulse  shown i n  F igure  8 has 
been lengthened t o  about 0.1 microsecond by an emit ter-fol lower circuit  used 
a t  the  output i n  order  t o  d r i v e  the  shunt capac i ty  and thus obta in  g r e a t e r  
vo l tage  amplitude. 
Once a channel m u l t i p l i e r  having a s t a b l e  pulse  mode of apera t ion  had 
been obtained,  an examination of t h e  e f f ic iency  of t he  channel for the  de tec-  
t i o n  of very low energy charged p a r t i c l e s  w a s  begun. 
p r inc ip l e ,  depends f i r s t  upon the  p robab i l i t y  t h a t  t h e  incoming primary 
p a r t i c l e  w i l l  produce one o r  more secondary e l ec t rons  when s t r i k i n g  t h e  
input  end of the channel, and secondly upon the  p robab i l i t y  t h a t  t h e  
i n i t i a l  secondary e l ec t ron  w i l l  r e s u l t ,  a f t e r  mu l t ip l i ca t ion ,  i n  a sa tu ra t ed  
output pu lse  ( co l l ec t ion  e f f i c i ency) .  
T h i s ' e f f i c i e n c y ,  i n  
Massey and Burhop5have pointed out  t h a t  t he  energy d i s t r i b u t i o n  of 
secondary e l ec t rons  emitted from a surface under impact from primary 
charged p a r t i c l e s ,  is not  s t rongly  dependent upon the  type o r  energy of the  
pr imaries ,  t he  secondaries i n  general  being emitted with energies  of only 
a few eV. 
channel w i l l  remain more o r  less independent of the  cha rac t e r  of the  inc ident  
r ad ia t ion .  One may conclude, then, t ha t  changes observed i n  the  channel ' s  
counting e f f ic iency  due t o  changes i n  the inc ident  r a d i a t i o n  e s s e n t i a l l y  
r e f l e c t  t he  v a r i a t i o n  i n  the  secondary e l ec t ron  emission r a t i o  with the  
energy or  type of t h e  inc ident  pa r t i c l e s .  
Hence, it may be expected tha t  the  "co l l ec t ion  e f f ic iency"  of t h e  
Therefore, by consider ing t h e  
general  behavior of t h e  secondary emission r a t i o  exhib i ted  by a l l  materials, one 
may ob ta in  a crude p i c tu re  of t h e  energy dependence of 
e f f i c i e n c y  of t h e  channel, 
the  de t ec t ion  
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It would be expected, f o r  example, t h a t  the  channel responds i n i t i a l l y  
t o  e l ec t rons  having energies  of about 10 eV. 
then increase  with increasing primary e lec t ron  energy, reaching a maximum 
f o r  some energy i n  the  range from a few hundred t o  a few thousand eV. A 8  
t h e  primary e l ec t ron  energy is  increased s t i l l  f u r t h e r ,  t h e  secondary 
emission r a t i o  d isp lays- in  a l l  mater ia ls-a  long, very slow dec l ine  which 
w i l l  be mirrored i n  a s i m i l a r  dec l ine  i n  counting e f f ic iency .  
The r e l a t i v e  e f f i c i e n c y  should . . 
In  the  case 
of tungsten,  of i n t e r e s t  because i t s  photoe lec t r ic  s p e c t r a l  response is  
s i m i l a r  t o  t h a t  of t h e  material used i n  t h e  channel, t he  secondary e l ec t ron  
emission r a t i o  has a maximum of 1.4 f o r  an  inc ident  energy of 700 e V  and 
dec l ines  t o  .12 f o r  primary e l ec t ron  energies of 200 keV. 
When ions  (protons) are allowed t o  e x c i t e  the  channel, t h e  counting. 
response should f i r s t  be observed with ions  having an energy of a few 
hundred e l ec t ron  vo l t s .  Above t h i s  threshold the  secondary emission ratib, 
and, t he re fo re ,  the  counting e f f i c i ency ,  rap id ly  increases  with increas ing  
ion  energy, and, judging from typ ica l  secondary emission curves,  t h i s  r e l a t i v e  
e f f i c i e n c y  remains la rge  f o r  ion  energies up t o  severa l  hundred keV. 
It should be pointed out  t h a t  p a r t i c l e s  of these energ ies  may d i r e c t l y  
i n i t i a t e  a count only by en te r ing  t h e  channel through t h e  open mouth. It 
i s  estimated t h a t  t o  pene t ra te  t he  tube’s g l a s s  wal l s  and i n i t i a t e  a cascade 
a t  a po in t  wel l  down the  tube from the input  end, an e l ec t ron  must have about 
0.5 MeV and a proton about 5 MeV. 
t 
Exci ta t ion  by x-ray bremsstrahlung from 
lower energy e l ec t rons  i s  a p o s s i b i l i t y ,  of course. 
The co l l ec t ion  e f f i c i ency ,  ac t ing  i n  a sense as t h e  normalizing f a c t o r  
f o r  t h e  r e l a t i v e  response, curve, i s  believed t o  be q u i t e  high; probably 
g r e a t e r  than 50% and perhaps as high a s  80-90%. 
on a measurement of the  channel m u l t i p l i e r t s  absolu te  e f f i c i e n c y  f o r  the  
This conclusion i s  based 
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de t ec t ion  o 
I 
beta  rays  from S3=. This par t icu ,a r  beta  spectrum has an end 
poin t  a t  169 keV and an average e l ec t ron  energy of about 60 keV. 
e l ec t rons  of t h i s  average energy, t h e  secondary emission r a t i o  f o r  E, low 
energy secondary e l ec t rons  i s  about 0.35, based upon the  da ta  f o r  tungsten.  
For inc iden t  
The absolu te  e f f i c i ency  f o r  t he  de tec t ion  of betas  of t he  P6 spectrum was 
observed t o  be about 25%, from which one may i n f e r  a c o l l e c t i o n  e f f i c i ency  
of around 75%. Uncertaint ies  i n  the  c a l i b r a t i o n  of the  r ad ioac t ive  source 
and poss ib l e  e r r o r  i n  using the  proper t ies  of tungsten r a t h e r  than those of 
t he  a c t u a l  channel m u l t i p l i e r  su r f ace  leave some doubt a s  t o  the  exactness  of 
t h i s  f igure .  However, t he  f i g u r e  of 75% does not  seem t o  be i n  g r e a t  e r r o r .  
The f a c t  t h a t  r e l a t i v e l y  few cascades a re  terminated during t h e  f i r s t  s t a g e s  
of mul t ip l i ca t ion  by the  complete loss of an  e l ec t ron  i n t o  a wall  i s  probably 
due t o  t h e  cascade e l ec t rons  being constrained t o  i n t e r s e c t  the  wall  a t  a 
glancing angle.  
nea r  t he  wall  sur face  and a r e  thus  able  t o  leave the  w a l l  with very l i t t l e  
p o s s i b i l i t y  of absorpt ion i n  the  semiconducting mater ia l .  
This insu res  t h a t  the  secondary e l ec t rons  are produced very 
I n  add i t ion  t o  the  e f f i c i ency  measurement made with t h e  a i d  of a rad io-  
a c t i v e  source,  a t tempts  were made t o  obtain s i m i l a r  da ta  by using a beam of 
low energy, monoenergetic p a r t i c l e s  from a Van de Graaff genera tor  t o  e x c i t e  
t h e  channel. 
measure the  very weak input  p a r t i c l e  f l u x  t h a t  was necessary t o  avoid deid time 
e f f e c t s  i n  the  channel. 
important i n  determining accura te  de tec t ion  e f f ic iency  VS. p a r t i c l e  energy 
These experiments were unsuccessful because of t h e  i n a b i l i t y  t o  
On the  other  hand, experiments of t h i s  kind a r e  c r i t i c a l l y  
c h a r a c t e r i s t i c s ,  and work has begun t o  so lve  the  technica l  problems invoLved. 
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Of g r e a t  i n t e r e s t  a l s o  in so fa r  a s  p rac t i ca l  app l i ca t ion  i s  concerned, 
i s  the  r e l a t i v e  v a r i a t i o n  i n  de t ec t ion  e f f i c i ency  with changes i n  e i t h e r  
t he  ambient pressure of t he  appl ied po ten t i a l .  An i nves t iga t ion  of such 
e f f e c t s  was e a s i l y  c a r r i e d  out  by using a s t a b l e  rad ioac t ive  source,  i n  most 
. .  
cases  S35, and the  r e s u l t s  were very encouraging. It was noted,  f o r  example, 
t h a t  the  count r a t e  of t he  channel due t o  the  rad ioac t ive  source displayed no 
systematic  v a r i a t i o n  t h a t  could be a t t r i b u t e d  t o  a change of two decades i n  
ambient pressure.  This r e s u l t  might have been expected from t h e  pressure  
independence of t he  e l ec t ron  gain i n  the curved channel. 
I 
When the  count r a t e  was p lo t t ed  aga ins t  appl ied p o t e n t i a l  (Fig. 9), no 
s i g n i f i c a n t  change i n  e f f i c i ency  was evident a s  long a s  the  e l ec t ron  gain was  
s u f f i c i e n t  t o  maintain the  sa tu ra t ed  mode of operation. During t h i s  phase of 
the  experiment it was noted t h a t  i f  the appl ied vol tage was increased rap id ly  
by severa l  hundred v o l t s  it required several  minutes f o r  the  counting r a t e  t o  
s t a b i l i z e  t o  the  nominal value from an i n i t i a l  somewhat higher  value.  
v a r i a t i o n  i n  count r a t e  during t h e  s t a b i l i z a t i o n  amounted t o  only one t o  two 
percent  and would n o t ,  i n  p rac t i ce ,  give rise t o  any t rouble .  
The n e t  
The long term count r a t e  s t a b i l i t y  of t he  channel m u l t i p l i e r  was 
demonstrated i n  the  course of these  experiments i n  which no gross  changes 
i n  count r a t e  were observed during continuous operation l a s t i n g  over severa l  
days. 
induced by operat ing the  channel a t  very high count r a t e s .  
would r e s u l t  i n  ga in  changes ranging as high a s  50% and p e r s i s t i n g  f o r  up t o  
However, sho r t  term decreases i n  t h e  e l ec t ron  ga in  of t he  channel were 
This f a t igu ing  
f i v e  hours. 
effect upon the  decscf ion QffiGiQnGy o f  the channal - provided, oE courma, that 
t h e  degraded ga in  remained s u f f i c i e n t  t o  r e s u l t  i n  a sa tu ra t ed  output pulse.  
Fortunately,  t he  f a t igue  i n  ga in  was not accompanied by any apparent 
* .  
Th 
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conclusion on the  bas i s  of these rel iminary tud ies  i s  t h a t  as 
long a s  t h e  channel i s  operated with an e l ec t ron  gain of f i v e  t o  tenfold 
higher  than t h a t  needed t o  in su re  a saturated pulse ,  it w i l l  provide a 
s u i t a b l e  and r e l i a b l e  low energy charged p a r t i c l e  de t ec to r  f o r  space physics 
experiments. Of p a r t i c u l a r  importance, t h e  curved channel m l t i p l i e r  appears 
t o  exh ib i t  exce l l en t  sho r t  and long term s t a b i l i t y  when operated i n  t h e  
counting mode, even i n  the  presence of r e l a t i v e l y  l a rge  changes i n  appl ied  
p o t e n t i a l ,  wide v a r i a t i o n s  i n  ambient pressure ,  and ga in  f a t i g u e  e f f e c t s  
occurring a t  excessively high counting rates. 
Among t h e  numerous f u r t h e r  i nves t iga t ions  t h a t  a r e  contemplated a r e  
t h e  determination of counting e f f ic iency  as a funct ion of inc ident  p a r t i c l e  
energy and a study t o  a s c e r t a i n  the  e f f e c t ,  i f  any, of gas  adsorbed upon 
t h e  i n t e r i o r  su r f ace  of t he  tube. 
term d r i f t s  i n  the  e f f i c i ency  of a channel m u l t i p l i e r  i n  a satel l i te .  
This second phenomenon could cause very long 
Because the  output pulse  from the channel m u l t i p l i e r  c a r r i e s  no information 
concerning t h e  type o r  energy of the  primary r ad ia t ion ,  knowledge of t hese  
parameters must be obtained by magnetic o r  e l e c t r o s t a t i c  ana lys i s  of t he  
inc ident  r ad ia t ion  p r i o r  t o  i t s  en ter ing  t h e  channel. 
simple approach t o  the  so lu t ion  of t h i s  problem. 
i t s  output end sealed with a pro tec t ive  cap,  has been pot ted i n t o  a groove 
c u t  i n  a phenolic block. 
pot ted load r e s i s t o r  and output coupling capac i tor .  
posi t ioned behind the  co l l ime te r  t u b e  provides ana lys i s  of the  type and energy 
of t he  r ad ia t ion  en ter ing  through the  co l l imeter .  
Fig. 10 d i sp lays  one 
The channel m u l t i p l i e r ,  
The rectangular  a rea  i n  t h e  block conta ins  t h e  
A small permanent magnet 
The q u a l i t y  of the  energy d iscr imina t ion  f o r  e l ec t rons  is displayed in 
Fig .  11 where the  r e l a t i v e  response of t h e  de t ec to r  system has been p l o t t e d  
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aga ins t  t h e  inc ident  e lectrons.  
chosen t o  obta in  maximum response a t  3.5 keV, and in t h i e  case a very 
constant  response from 2.75 t o  4.5 keV was obtained. 
The magnet s t r eng th  and pos i t ion  were 
0 
A number of u n i t s  of t h i s  design, u t i l i z i n g  magnets of varying 
s t r eng ths  t o  obtain a p a r t i c l e  energy spectrum, were successfu l ly  flown 
on sounding rockets  during t h e  spr ing of 1964 t o  obta in  information on the  
low energy por t ion  of the  aurora l  p a r t i c l e  spectrum. 
p 
. 
Figure Captions 
1. 
e l ec t ron  mul t ip l i e r .  
2. 
Hendee) . 
I l l u s t r a t i o n  of t he  e l e c t r o n  mul t ip l i ca t ion  process within t h e  channel 
An experimentally determined e lec t ron  ga in  curve ( a f t e r  Wiley and 
3 .  The experimental se tup  employed f o r  t h e  study of t h e  output pulses .  
4. 
amplitude i s  100 mV and t h e  pulse  width i s  about 4 psec. 
5 .  The p o t e n t i a l  p l o t t e d  aga ins t  pos i t ion  along t h e  channel mul t ip l i e r .  
The s o l i d  l i n e  is i n  t h e  absence of a cascade. The dashed l i n e  i l l u s t r a t e s  
t he  change t o  be expected a t  t he  height  of t h e  cascade. 
Saturated pulse  output  from a s t r a i g h t  channel mul t ip l i e r .  The pulse  
6 .  
i n  t h e  ca l cu la t ion .  
A s ec t ion  of a curved channel m u l t i p l i e r  d i sp lay ing  the  q u a n t i t i e s  used 
7. 
i s  mounted i n  a Kel-F block for ease of handling. 
The curved channel m u l t i p l i e r  used i n  t h e  experimentation. The channel 
8 .  
.2 bsec/cm. 
The sa tu ra t ed  output pulses  from t h e  curved channel mul t ip l i e r .  .21 V/cm, 
9. 
e x c i t a t i o n  was provided by a Ss6 source. 
The count r a t e  of t he  channel i s  a func t ion  of appl ied po ten t i a l .  The 
LO. A f l i g h t  model of a channel mul t ip l i e r  d e t e c t o r  u n i t ,  with an unpotted 
channel beside f o r  comparison. 
11. The r e l a t i v e  response of t he  de t ec to r  system as a funct ion of energy. 
l -  
. 
r 
I 
Fig. 1 
I O6 
IO' 
50:l LENGTH TO DIAMETER RATIO 
I I I I I I 
POTENTIAL DIFFERENCE ACROSS TUBE (VOLTS) 

F i g .  4 
. 
I 
> + 
0 
1V I I N  3 10d 
Q 
z 
W 
z 
0 
[y: 
L 
w 
0 z 
I- 
v) 
a 
n 
VI 
M 
.r( 
tr 
0 a 
9 . 
M 
.PI . .  a 
/’ 
//” 
‘ I  
c 
, 
Fig. 8 
. c 
. 
/ 0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
w 
0 
0 
0 
0 
0 
0 
0 
0 
0 0 0 
0 0 
In 0 
0 
Yr) M 0 * 
3 1 V U  l N n 0 3  
0 
0 
v) 
tci 
In 
ti 
- r ; v ,  
a 
0 
U 
V 
. 
\ 
. - 
. I 
. 
* 
n 
> 
w 
x 
).- 
(3 
w 
z 
W 
z 
0 
I- o 
W 
J 
w 
U 
a 
a 
J 
W z 
I 
Le 
0 
a 
a 
I- a- 
0 2  
LLD 
3SNOdS3U 3 A I l V l 3 U  
References 
1c.E. McIlwain (1960) : Direct Measurement of Particles Producing Visible . Auroras, J. Geophys. Res. 65, 2727-47. (1960) 
2B.J. O'Brien, C.D. Laughlin, J.A. Van Allen, and L.A. Frank, Measurements 
of The Intensity and Spectrum of Electrons at 1000-Kiiomcter Altitude 
and High Latitudes, J. Geophys. Res., 67, 1209-1225. (1962) 
3W.C. Wiley and C.F. Hendee, Electron Multipliers Utilizing Continuous Strip 
Paper presented at The Eight Scintillation and Semiconductor Surfaces. 
Conference, Washington, D. C., March 1-3, 1962. 
4D.W. Angel, H.W. Cooper, W.R. Hunter, and R. Tonsey, Extreme Ultraviolet 
Detecting with The Bendix Single Channel Photomultiplier. 
presented at The Image Intensifier Symposium, Fort Belvoir, Virginia, 
October 24-26, 1961. 
Paper 
6H.S.W. Massey and E.H.S. Burhop, Electronic and Ionic Impact Phenomena, 
Oxford, Clarendon Press, 1952. 
